Coupling between the electric field, magnetic field, and strain of composite materials is achieved when electro-elastic (piezoelectric) and magneto-elastic (piezomagnetic) particles are joined by an elastic matrix. Although the matrix is neither piezoelectric nor piezomagnetic, the strain field in the matrix couples the E field of the piezoelectric phase to the B field of the piezomagnetic phase. This three-phase electro-magneto-elastic composite should have greater ductility and formability than a two-phase composite in which E and B are coupled by directly bonding two ceramic materials with no compliant matrix. A finite element analysis and homogenization of a representative volume element is used to determine the effective electric, magnetic, mechanical, and coupled-field properties of an elastic (epoxy) matrix reinforced with piezoelectric and piezomagnetic fibers. The effective magnetoelectric moduli of this three-phase composite are, however, less than the effective magnetoelectric coefficients of a two-phase piezoelectric/piezomagnetic composite, because the epoxy matrix is not stiff enough to transfer significant strains between the piezomagnetic and piezoelectric fibers.
INTRODUCTION
In 1974 Van Run et al reported that the magnetoelectric effect obtained in a 3 B aT iO -4 C oF eO composite was two orders of magnitude larger than that of the single-phase magnetoelectric material 2 3 C o O . Since the 1990s the effective magnetoelectric coefficient in piezoelectric-piezomagnetic composites has been of interest to the micromechanics community. Nan (1994) proposed a theoretical framework based on a Green's function method and perturbation theory, which have been widely employed to treat the general, linear-response properties of inhomogeneous media. However, Benveniste (1995) derived exact connections between the effective moduli of piezoelectric-piezomagnetic two-phase composites, which were independent of the details of the microgeometry and of the particular choice of the averaging model, using the uniform field concept. The so-called non-self-consistency approximation (NSC) of Nan failed to satisfy the exact connections between different components of the effective moduli obtained by Benveniste. Li and Dunn (1998) developed a micromechanics approach to analyze the average fields and effective moduli for two phase piezoelectricpiezomagnetic composites. They derived explicit expressions for the generalized Eshelby tensors, which are used for micromechanics modeling of heterogeneous solids and exact relations regarding the effective behavior and the average fields. Then Li and Dunn obtained the closed form expressions for the effective moduli of two-phase composites, as well as the exact connections between the effective thermal moduli and the effective electro-magneto-elastic moduli of twophase composites applying the Mori-Tanaka mean field approach. The Mori-Tanaka method was also employed by Wu and in order to obtain the electro-magneto-elastic Eshelby tensors and the effective material properties of piezoelectric-piezomagnetic composites. By taking the derivative of the closed form for magnetoelectric coupling effect with respect to the fiber volume fraction as zeros, obtained the optimized volume fraction of fibers analytically and showed that the magnetoelectric coupling effect is a function of the elastic properties of constituents, but not a function of the magnetic and electric properties. Li (2000) generalized the Mori-Tanaka theorem and Nemat-Nasser and Hori's multi-inclusion model to analyze the heterogeneous electro-magneto-elastic solids. His analysis served as a basis for an averaging scheme to determine the effective electro-magneto-elastic moduli of composite materials. Aboudi (2001) employed a homogenization micromechanical method for the prediction of the effective moduli of electro-magneto-thermo-elastic multiphase composites. The homogenization method assumes that fields vary on multiple spatial scales due to the existence of a microstructure and that the microstructure is spatially periodic. By comparisons between the homogenization theory and the Mori-Tanaka approach given by Li and Dunn (1998), it was seen that the homogenization and Mori-Tanaka methods were very close. To date, the micromechanics of magnetoelectric composites has focused on two-phase composites.
Unfortunately, piezoelectric and piezomagnetic materials are usually brittle ceramics. A three-phase electro-magnetoelastic composite consisting of piezoelectric and piezomagnetic phases separated by a polymer matrix would have greater ductility and formability. Recently, Boyd et al (2001) presented a method for using arrays of MEMS electrodes and electromagnets to achieve microscale positioning of piezoelectric and piezomagnetic particles in liquid polymers, which would then be solidified to make a polymer matrix magnetoelectric composite. The ability to pattern the particles into microscale unit cells would reduce concentrations of stress, electric field, and magnetic field, thereby increasing effective threshold properties such as strength, electric breakdown field, and magnetic saturation field. Furthermore, one can hope that someday arrays of MEMS can be used to control the microscale distribution of the poling direction of piezoelectric and piezomagnetic particles.
Motivated by the work of Boyd et al (2001) , in the present paper we calculate the effective magnetoelectric coefficients of three-phase composites consisting of piezoelectric and piezomagnetic phases separated by an elastic matrix. Although the matrix is neither piezoelectric nor piezomagnetic, the strain field in the matrix couples the E field of the piezoelectric phase to the B field of the piezomagnetic phase. The finite element method is used because, unlike closed-form micromechanics methods, the finite element method reveals the concentration of stress, electric field, and magnetic field within the unit cell. These field concentrations determine the effective strength, electric breakdown field, and magnetic saturation field of the composite. Homogenization is then applied on the FEA solution for the average (effective) electromagneto-elastic properties.
The basic equations and notation used for each phase are presented in section 2. The periodic unit cell and boundary conditions are presented in section 3. In section 4.1 the results of a finite element analysis are compared to the MoriTanaka results of Li and Dunn (1998) for a two-phase composite consisting of a piezomagnetic matrix with piezoelectric fibers. For a three-phase composite, the finite element results are presented in section 4.2.
THREE-PHASE ELECTRO-MAGNETO-ELASTIC COMPOSITE
Consider a composite material with cylindrical piezoelectric and piezomagnetic fibers aligned periodically as shown in Figure 1 . The piezoelectric and piezomagnetic fibers are transversely isotropic and the elastic matrix is isotropic. The matrix and fibers are assumed to be perfectly bonded. 
The balance of linear momentum (quasistatic conditions), Gauss' law, and the conservation of magnetic flux (no magnetic charges) are given by
( 3 a -c ) By the theory of electrostatics and magnetostatics, the electric field E and the magnetic field strength H are the gradient of an electric potential φ and a magnetic potential Φ : φ
The linearized strain-displacement relations are given by ( ) ( )
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The field equations for the linear elastic matrix take the usual form (Lamé equations).
The effective constitutive coefficient tensors of the composite are defined in terms of averaged fields as
The brackets denote the volume average,
, where V is the volume of representative volume element. λ is the (3x3) magnetoelectric coefficient tensor. Although λ is absent in each of the phases within the representative volume element, the effective properties of the composite may contain a non-zero magnetoelectric coefficient because the magnetic and electric fields of the piezomagnetic and piezoelectric particles are coupled through the matrix strain field.
PERIODIC UNIT CELL AND BOUNDARY CONDITIONS
The finite element analysis program FEMLAB was used to solve the field equations in a periodic unit cell consisting of two types of fibers separated by a matrix. Several types of periodic unit cells are possible for a three-phase fibrous composite. Here we present the first results in a systematic study that will include several types of periodic unit cells. We begin with the periodic microstructure and the periodic unit cell of Figure 2 . Periodic boundary conditions (Hori and Nematt-Nasser, 1999 ) are applied to the periodic unit cell, as indicated in Table  1 , referenced to Figure 3 . 
FEM result of three-phase electro-magneto-elastic composite
The phase volume fractions are 30%, 30% and 40% for the piezomagnetic fiber ( 2 4 CoFe O , Table 2 ), the piezoelectric fiber ( 3 BaTiO , Table 2 ), and the matrix, respectively. The isotropic linear elastic matrix is assumed to be epoxy, so that Ns C . Figures 11-15 show the distributions of electric potential, electric field E 1 , shear strain 31 ε , magnetic field H 1 , and magnetic potential respectively, when one of the twelve independent boundary conditions, the electric field <E 1 >, is applied. <E 1 > induces the E 1 distribution of Figure 12 , which in turn results in the shear strain distribution of Figure 13 . The strain in the piezomagnetic fiber results in the magnetic field distribution of Figure 14 . Thus, the three-phase composite exhibits the magnetoelectric effect by coupling the piezomagnetic and piezoelectric fibers through the strain in the elastic matrix. Figure 11 . Electric potential distribution of a fibrous three-phase electro-magneto-elastic composite when < E 1 > is applied Figure 12 . Electric field E 1 distribution of a fibrous three-phase electro-magneto-elastic composite when < E 1 > is applied
The effective moduli of the three-phase composite generated by the finite element analysis are given in Equations (9a-f).
Unlike the results for the two-phase composite, the effective moduli of the three-phase composite are not transversely isotropic even though the constituent phases are transversely isotropic. Note that the effective magnetoelectric moduli (9f) of the three-phase composite are about twenty times less than those of the two-phase composite ( Figure 10 ). This is because the stiffness of the elastic matrix used in the three-phase composite is two orders of magnitude less than those of the piezomagnetic and piezoelectric phases. Thus, although the matrix of the three-phase composite is strained, it lacks sufficient stiffness to transfer these strains to the piezomagnetic fiber. 
SUMMARY
The finite element method was used to solve an electro-magneto-elastic boundary value problem within a periodic unit cell of a fibrous composite and determine the effective properties using periodicity boundary conditions. For a two-phase composite consisting of a piezomagnetic matrix reinforced with piezoelectric fibers, the effective properties as determined using the finite element analysis were in excellent agreement with the predictions of the Mori-Tanaka model of Li and Dunn (1998). The effective properties were also calculated for a three-phase composite consisting of piezoelectric and piezomagnetic fibers separated by an isotropic linear elastic matrix. The effective magnetoelectric moduli of this three-phase composite were about twenty times less than the magnetoelectric moduli of the two-phase composite, because the epoxy matrix is not stiff enough to transfer significant strains between the piezomagnetic and piezoelectric fibers. Future work will include a systematic study of the effects of the following variables: the type of periodic unit cell, the shape of the phases, the phase volume fractions, and the direction of poling of the piezoelectric and piezomagnetic phases.
